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Abstract
California has experienced severe drought in recent years posing great challenges to agricultural
production, water resources, and landmanagement. ElNiño, as the prime source of seasonal to
interannual climate predictability, offers the potential of amelioration of drought inCalifornia. Here
ElNiño’s impacts onCalifornia winter precipitation are examined, focusing on variations by season,
region, and the strength of ElNiño using observational data for the period 1901–2010. The ElNiño
influence onCalifornia precipitation strengthens from early to late winter and is stronger in the south
than the north. Eight of tenmoderate-to-strong ElNiños in the latewinter put southernCalifornia in
thewettest tercile and none of these ten events put northernCalifornia in the driest tercile. The early to
latewinter strengthening of the ElNiño impact on precipitation occurs even as ElNiñoweakens and is
associatedwith a strengthening and eastward extending tropical deep convection anomaly allowed by
the late winter warming of the climatologicalmean sea surface temperature over the tropical eastern
Pacific.
1. Introduction
As California battles severe drought, it becomes
increasingly important to understand the atmospheric
and oceanic conditions that could interrupt or even
end the drought that began in 2011. Recent researches
(Davies 2015, Hartmann 2015, Seager et al 2015,
Watson et al 2016) indicate that the current drought is
associated, to a significant degree, with warm sea
surface temperature anomalies (SSTA) in the western
tropical Pacific Ocean and, some argue, cool SSTA in
the central to eastern equatorial Pacific. As the SSTA
pattern evolved during the 2015/2016 El Niño event,
an important question emerged as to the likelihood of
El Niño moderating drought conditions. After all, El
Niño, the most significant mode of climate variability
and the only reliable source of seasonal to interannual
prediction, imposes a major control on western North
America climate (e.g. Schonher and Nicholson 1989,
Cayan and Redmond 1994, Mo and Higgins 1998,
Andrews et al 2004, Schubert et al 2008, Seager and
Hoerling 2014). Since California is one of the largest
economies in the world and a world leader in
agricultural production, improved understanding of
El Niño’s impact on California precipitation has great
economic and societal value.
During an El Niño, a low-frequency Rossby wave-
train, forced by the positive SSTA and enhanced deep
convection in the tropical Pacific, propagates from the
equator to extratropical regions over the North
Pacific and North America (e.g. Rasmusson and Wal-
lace 1983, Trenberth et al 1998), influencing climate
in remote regions via well-known ‘teleconnections’.
The large-scale anomalous atmospheric circulation
patterns impact the weather across all of
North America, leading to wetness in the southeastern
US during El Niño winters (e.g. Ropelewski and Hal-
pert 1986, 1996, Livezey et al 1997, Mason and God-
dard 2001, Chiodi and Harrison 2013) as well as a
dry north-wet south pattern across western North
America (e.g. Livezey et al 1997, Dettinger et al 1998).
However, the influence of El Niño conditions on
western North American rainfall, particularly Cali-
fornia, is not robust and shows substantial variability
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Two of the most prominent mid-latitude respon-
ses to El Niños are the deepening of the Aleutian Low
(e.g. Bjerknes 1969, Schonher and Nicholson 1989)
and the strengthening and southward shift of the sub-
tropical jet over the North Pacific (Trenberth
et al 1998). Both conditions could lead to a southward
shifted storm track and cause anomalous wetness at
the US southwest coast (Seager et al 2010). On a regio-
nal scale, however, the precise location and timing of
the precipitation increase can be extremely sensitive to
the longitudinal and latitudinal position and strength
of the low pressure anomaly, which determines how
circulation anomalies may steer storms towards the
US west coast (Yarnal and Diaz 1986). For example, in
California, if the low pressure anomaly is located right
off the west coast, the entire state tends to be wetter
during an El Niño winter; while if the low anomaly is
located further to the west or north, precipitation may
actually reduce in California (e.g. Schonher and
Nicholson 1989, Ely et al 1994).
Furthermore, the impact of El Niño on California
rainfall varies from north to south (Schonher and
Nicholson 1989, Cayan et al 1999, Andrews et al 2004,
Schubert et al 2008). About two-thirds of the total
winter precipitation in California falls on the wind-
ward side of the northern California Sierra Nevada
mountain range (Dettinger et al 2011), but it is south-
ern California, the relatively dry part of the state, that
has the strongest relationshipwith ElNiño.
Though the above studies pointed out the differ-
ences of El Niño’s impact in northern and southern
California, most of them focused on the relation-
ships by using winter half year or annual data. How-
ever, the change in El Niño impacts throughout the
winter season and the role of El Niño intensity have
not been fully examined and well-documented. In
this study, we focus on quantifying El Niño’s impact
on California precipitation based on historical
observations of precipitation, SST, and atmospheric
circulations. The goal is to determine the depend-
ence of the El Niño—California precipitation rela-
tionship on timing (early versus late winter), region
(northern versus southern California), and the
strength of the El Niño SSTA. Such information will
be of use in seasonal forecasting for California,
including the alleviation and/or termination of
drought conditions.
2.Data andmethod
In this study, the relationships between SSTA in the
Niño 3.4 region (120°W–170°W, 5° S–5°N) and
northern and southern California winter precipitation
(November–April) from 1900/01 to 2009/10 are
examined. Sea surface temperature data are taken
from the extended reconstructed sea surface temper-
ature (ERSST) version 3b from the National Oceano-
graphic and Atmospheric Administration (NOAA)
(Smith et al 2008). ERSST provides monthly SST data
from 1895 with 2°×2° spatial resolution. Here, the
trend from 1900/01 to 2009/10 of Niño3.4 SSTA
(0.065 °C/10 year for November, December, and
January (NDJ); 0.053 °C/10 year for February, March,
and April (FMA)) is removed to isolate the interannu-
ally varying component. To be consistent, all the
variables used in this research have been linearly de-
trended and the trend is removed for each three-
month season. The California precipitation data are
taken from the Global Precipitation Climatology
Centre (GPCC, Full Data Product version6) that
provides monthly gridded precipitation from 1901 to
2010 with 0.5°×0.5° spatial resolution (Schneider
et al 2013). The state of California is divided into
northern and southern parts based on the character-
istics of the climatological winter precipitation
(figure 1(a)) as well as the correlations between
precipitation and de-trended Niño3.4 SSTA
(figure 1(b)). Here, northern California is defined as
the region within 124°W–118°W, 36°N–42°N,
while southern California is within 122°W–114°W,
32°N–36°N (see the two black boxes in figures 1(a)
and (b)).
The atmospheric circulation data for 200 hPa geo-
potential height are taken from the NOAA 20th Cen-
tury reanalysis version 2c (Compo et al 2015). The
monthly data are available from 1851 to 2014 with
2°×2° spatial resolution. To understand the El Niño
teleconnection, global precipitation, near-surface
moist static energy (MSE) and convective available
potential energy (CAPE) from 1979/80 to 2009/10 are
also used in this research. Monthly global precipita-
tion data are obtained from the Global Precipitation
Climatology Project (GPCP, version 2) (Adler
et al 2003), from January 1979 to the present with a
spatial resolution of 2.5°×2.5°. Monthly MSE and
CAPE data are derived from European Center for
Medium-Range Weather Forecasts interim reanalysis
dataset (ERA-Interim) from January 1979 to Novem-
ber 2015 with a spatial resolution of 1.5°×1.5° (Dee
et al 2011). The identification of El Niño and La Niña
years is based on the ‘Oceanic Niño Index (ONI)’,
derived from the 3 month running mean of Niño3.4
SSTA, relative to a centered 30 year climatology upda-
ted every 5 years. El Niño events are defined when the
ONI reaches the threshold of +0.5 °C for at least 5
consecutive 3 month means (see the NOAA Climate
Prediction Center website: http://www.cpc.ncep.
noaa.gov/products/analysis_monitoring/ensostuff/
ensoyears.shtml for a complete description). In
this study, the definition of weak and moderate-to-
strong El Niños is based on the strength of the de-tren-
ded Niño3.4 SSTA. Weak (moderate-to-strong) El
Niños are defined as the Niño3.4 SSTA between 0.5 °C
and 1 °C (more than 1 °C) for the corresponding
season.
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3. Results
The seasonal cycles of the monthly precipitation over
the entire state and the northern and southern parts of
California are shown in figure 1(c). There is a clear
peak in total precipitation in winter months, from
December to February. Northern California receives
more than double the amount of precipitation of
southern California. Three-month running mean
correlations between California precipitation and the
de-trended Niño3.4 SSTA are shown in figure 1(d).
There is an almost linear increase in correlation from
October, November and December (OND) and Feb-
ruary, March, and April (FMA) for all three regions.
The precipitation in northernCalifornia is only weakly
influenced by El Niño Southern Oscillation (ENSO,
including El Niño and La Niña), as shown in
figure 1(d), possibly due to large internal atmospheric
variability in northern California caused by mid-
latitude weather systems. Although the west portion of
northern California shows a coherent region of
significant correlation with ENSO, the relation is not
as strong as in southern California, where the correla-
tion is largely significant throughout the winter
season.
To examine further the relationship between Cali-
fornia winter precipitation and El Niño on a year-to-
year basis, as well as the difference in the relationship
for northern and southern California during early and
late winters, figure 2 shows scatter plots for precipita-
tion anomalies in percent of climatology in northern
and southern California as a function of the Niño3.4
SSTA. The percentages, instead of the absolute values,
are used here because the distribution of precipitation
is extremely uneven across the state, as shown in
figure 1(a). The percent of climatology is defined here
based on the area-averages of precipitation anomaly
and climatology. We also calculated the precipitation
percent anomaly at each grid point first and then area-
averaged the percentages over northern and southern
Figure 1. (a)California region climatological precipitation for the 6 month cold season (NDJFMA, 1900/01–2009/10) in units of
mm/month. The boxes indicate the areas of northern and southernCalifornia used in this research. (b)Correlation coefficients
between precipitation and de-trendedNiño3.4 SSTA (NDJFMA, 1900/01–2009/10). Stippling denotes 95% significance. (c)Monthly
climatology of precipitation averaged for theCalifornia region (blue solid line), northernCalifornia (green dashed line), and southern
California (orange dotted line) in units ofmm/month. (d)Correlation coefficients between 3 month runningmean de-trended
Niño3.4 SSTA and 3 month runningmean precipitation inCalifornia region (blue solid), northern (green dashed), and southern
(orange dotted)California.
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California. The results in figure 2 are insensitive to
how the percent of climatology is calculated. The col-
ors in figure 2 indicate El Niño (red), La Niña (blue)
and neutral (black) years according to the NOAA defi-
nition as explained in section 2. In early winter (NDJ),
the Niño3.4-precipitation relationships are very weak
for both northern and southern California, although
the strongest El Niño events tend to have above nor-
mal precipitation in both regions. In contrast, in late
winter (FMA), the relationships strengthen in both
northern and southern California. While the correla-
tion in northern California is weak (0.19), it is sig-
nificant at the 5% level and, furthermore,
precipitation anomalies are all above normal for the
five most intense El Niño events. In southern Cali-
fornia, the correlation is highly significant (0.43), with
the strong El Niño events having between 80% and
160% above climatological normal precipitation.
Figure 2 also indicates the asymmetry of ENSO’s
impact on precipitation for northern and southern
California. In late winter, the correlation between pre-
cipitation anomalies and Niño3.4 SSTA for El Niño
events only (dashed lines in figure 2) is 0.50
(p=0.0025) in northern California and 0.53
(p=0.0014) in southern California, both are highly
significant. Compared to the correlations for all years
(shown in figure 2), northern California has a high
tendency to be wet during an El Niño, but not necessa-
rily dry during La Niña. The asymmetry also exists in
southern California, although to a lesser extent. The
lack of significant impact of the La Niña events on
California precipitation may be related to the fact that
suppressed convection and the associated atmospheric
teleconnection patterns tend to be located further to
the west, and away from the North American west
coast, for La Niña compared to El Niño (Hoerling
et al 1997).
To understand the difference between El Niño’s
impacts on early and late winter California precipita-
tion, figure 3 shows the composites of 200 hPa geopo-
tential height anomalies (contours) and SSTA
(shading) for moderate-to-strong El Niños and weak
El Niños for early and late winter. The corresponding
California precipitation anomalies in percent of clima-
tology are also shown. In all four cases, there is a low-
pressure anomaly over the northern North Pacific, a
high anomaly over Canada and another low over the
Southeastern US, consistent with the well-known
Pacific North American (PNA) teleconnection pattern
(Horel and Wallace 1981). In the moderate-to-strong
El Niño composites, however, the intensity of the PNA
pattern increases in late winter even though the tropi-
cal Pacific SSTA decreases slightly (top panels in
figure 3). The differences of 200 hPa height in late and
early winter are statistically significant at 95% con-
fident interval over the eastern North Pacific and the
US west coast (figure not shown). The anomalous
Aleutian Low for late winter is almost double the
Figure 2.De-trended precipitation anomaly (%of climatology) as a function of de-trendedNiño3.4 SSTA for northern (upper) and
southern (bottom)California in early (NDJ; left) and late (FMA; right)winter from1900/01 to 2009/10. Red, black, and blue dots
denote ElNiño, neutral, and LaNiña years, respectively. The two strongest ElNiño events on record (1982/83 and 1997/98) are
indicated as purple and yellow dots, respectively. Dashed lines are the bestfits for ElNiño events only.
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amplitude of that for early winter while the Niño3.4
SSTA decreased from 1.52 °C to 1.29 °C (table 1). Cor-
respondingly, the precipitation anomaly in northern
(southern) California is more than 10 (8) times larger
in late winter than in early winter (see table 1). For the
weak events (lower panels), however, the seasonal
dependence is less striking although late winter does
show lower heights over California and a stronger pre-
cipitation response (table 1).
The possible cause of the apparent nonlinear rela-
tionship between SSTA amplitude and teleconnection
strength in figure 3 for early and late winter may be the
warmer equatorial Pacific SST basic state in late win-
ter. That is, even though, during an El Niño event, the
SSTA weakens from early to late winter, the smaller
anomalies in late winter are imposed on a warmer cli-
matological SST, which leads to a more favorable
environment for deep convection. To investigate this,
figure 4 shows the composites of precipitation anoma-
lies (shaded) and total SST (contours) in early and late
winters for themoderate-to-strong ElNiño events that
have occurred since satellite observations became
available. The SSTA composites for this period are
similar to those in figure 3 (top panels). While, the
Niño3.4 SSTA amplitude is 1.57 °C for early winter
and 1.39 °C for late winter (table 1), the composites of
precipitation anomalies show a much stronger late
winter signal that also extends further to the east of the
corresponding location in early winter. The total SST
composites show that, in late winter, the warmest
region (indicated by the 28 °C isotherm, thick lines in
figure 4) extends further east, which enhances the deep
convection and precipitation anomalies in the central
and eastern Pacific.
To further examine the characteristics of the
environment for deep convection, figure 5 shows the
latitudinally averaged 1000 hPa MSE, CAPE and pre-
cipitation between 10°N and 15° S for early and late
winters during moderate-to-strong El Niños. The
near-surface entropy (MSE) and CAPE are measures
of the strength of instability that deep convection
removes. In the central to eastern Pacific (around
Figure 3.Composites of (a), (c), (e) and (g) 200 hPa height anomalies (contour, interval: 10 m), SSTA (ocean) and (b), (d), (f), (h)
precipitation anomalies (%of climatology) formoderate-to-strong (top) andweak (bottom)ElNiños in early (left) and late (right)
winters during 1900/01 to 2009/10. All the anomalies here are de-trended. The plotting region for (b), (d), (f), (h) is within 124°W–
114°W, 32° N–41° N, indicated by the boxes in (a), (c), (e), (g). Stippling regions in (a), (c), (e), (g) indicate the 95% significance for
200 hPa height variations. Stippling regions in (b), (d), (f), (h) indicate the 95% significance for precipitation variations. The definition
of weak andmoderate-to-strong ElNiños is described in section 2. The numbers of El Niño events for each case are indicated in the
titles.
Table 1.Average de-trendedNiño3.4 SSTA andnorthern and
southernCalifornia precipitation anomalies (in%of climatology)
formoderate-to-strong (upper) andweak (lower)ElNiños in early
and latewinters during 1900/01 to 2009/10. The anomalies for
moderate-to-strong ElNiños during 1979/80 to 2009/10 are shown
in parentheses. Italic (asterisk)numbers indicate the 90% (95%) sig-
nificance of variations.
Niño3.4
SSTA (°C) CAprecip anomalies (%)














N 1.72% N 12.94%
S 5.05% S 13.34%
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150°W–80°W), near-surface MSE and CAPE
(figures 5(a), (b)) are larger in late winter than in early
winter, indicating amore unstable environment favor-
able to deep convection, consistent with the larger pre-
cipitation composites in late winter (figure 5(c)). The
results in figures 4 and 5 support the hypothesis that
stronger teleconnection patterns in late winter occur
due to stronger and more eastward-spread tropical
heating anomalies. This is a consequence of warmer
climatological SST conditions in the eastern tropical
Pacific in late winter than early winter allowing a smal-
ler SSTA to cross the threshold for deep convection.
Further idealized modeling experiments are needed to
fully understand the differences in early and late win-
ter teleconnections, the dynamical mechanisms
behind it, and the possible additional contribution
from the tropical-wide warming that follows the peak-
ing of the ElNiño.
4.Discussions and conclusions
The seasonality, regionality and dependence on El
Niño intensity of California rainfall anomalies have
important implications for seasonal prediction of El
Niño’s impacts. Dividing the climatological precipita-
tion distribution into terciles, table 2 shows the
number of moderate-to-strong and weak El Niño
events that fell into each tercile, for northern and
southern California and for early and late winter, as
well as the associated precipitation anomaly, expressed
as percent of climatology for each tercile. This provides
overall information about the relationship between El
Niño and California precipitation. During early win-
ter, in both northern and southern California, there is
no clear preference for El Niños to be in the wettest
tercile. However, in late winter, eight of ten moderate-
to-strong El Niño events put southern California in
the wettest tercile. For northern California, none of
these ten events put northern California in the driest
tercile, six were in the middle tercile and four in the
upper tercile. In other words, with regard to season, El
Niño’s impacts are likely to be stronger in late winter
than in early winter; and, in terms of region, southern
California has a greater chance of wet winters during
an El Niño than northern California. Further, only a
relatively strong El Niño is likely to bring heavy
precipitation across the entire state. In summary, a
moderate-to-strong El Niño in the late winter can
Figure 4.Composites of GPCPprecipitation anomalies (shaded, unit:mm/day) and SST (contour, interval: 1 °C) formoderate-to-
strong ElNiño in (a) early and (b) late winters during 1979/80 to 2009/10. Thick contours indicate SST 28 °C isotherm. Stippling
regions indicate 95% significance for precipitation variations. All the variables used here are de-trended.
6
Environ. Res. Lett. 11 (2016) 054021
make southern California precipitation very likely to
be in the upper tercile and make northern California
precipitation very unlikely to be in the lower tercile,
while a weak El Niño or a moderate-to-strong El Niño
in early winter cannot be relied upon to favor a wet
winter inCalifornia.
El Niño’s impact on California late winter pre-
cipitation is associated with the strengthening of the
teleconnection from early to late winter even though
the tropical Pacific SSTA decreases slightly. This non-
linearity between SSTA and teleconnection response is
possibly caused by a stronger and more eastward
extended tropical diabatic heating in late winter due to
a warmer climatological mean SST over the tropical
eastern Pacific. Further modeling experiments are
needed to quantitatively determine the differing
atmospheric responses to early and late winter El Niño
forcing.
During 2011/12–2014/15, California experienced
the driest four successive winters since 1895 (Williams
et al 2015). The accumulated precipitation deficit for
the 4 year period reached 148% in northern California
and 195% in southern California of the winter pre-
cipitation climatology, which means a very strong El
Niño like 1982/83 or 1997/98 might be able to
remove the statewide accumulated precipitation defi-
cit within one winter (figure 2). The 2015/16 El Niño,
as one of the strongest El Niño events in recent history,
is thought to have contributed to several severe storms
to California in December 2015 and January 2016,
causing serious flash flooding and landslides in south-
ern California. According to the analysis here, the El
Figure 5.Composites of latitudinal average (a) 1000 hPamoist static energy, (b) convective available potential energy (CAPE), and (c)
GPCP precipitation between 10° Nand 15° S formoderate-to-strong ElNiño in early (dashed lines) and late (solid lines)winters
during 1979/80 to 2009/10.
Table 2.Precipitation anomaly (%of climatology) of each precipitation tercile in northern (top) and southern (bottom)
California duringmoderate-to-strong andweak ElNiños in early (left) and late (right)winters. The number of events for
each category is shown in parentheses. (For instance, for the past 10moderate-to-strong ElNiño during latewinter, 1 had
belownormal precipitation southernCalifornia; 1 had a normal precipitation; 8were associatedwith above normal pre-
cipitation. These 8winters had precipitation 107%above climatology on average.) Italic (asterisk)numbers indicate statis-
tically significant at 90% (95%) confidence usingMonte Carlo bootstrappingmethod.
NDJ FMA
Lower Middle Upper Lower Middle Upper
North Strong ElNiño −43% (5) −2% (9) 42% (7) −(0*) −7% (6) 92% (4)
WeakElNiño −46% (5) 0% (3) 63% (4) −49% (2) 6% (3) 37% (6*)
South Strong ElNiño −42% (5) −10% (7) 55% (9) −35% (1) 9% (1) 107% (8*)
WeakElNiño −48% (6) −9% (2) 92% (4) −71% (1) −9% (5) 53%(5)
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Niño impact would have been expected to strengthen
after January 2016 even as the El Niño weakens, mak-
ing significant drought alleviation probable. It will be
interesting to see if the El Niño of 2015/16 impact on
California precipitation conformed to expectations or,
if not, why not.
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